We analyzed the relationship between weather conditions and year-to-year (1981-1989) variation in the seasonal dynamics of cambial cell production (CCP) in Norway spruce in a monoculture forest area in the Czech Republic. We found that the timing of CCP greatly varied among the studied years. The onset of CCP occurred at the beginning of May and was strongly correlated with the April mean temperature. CCP ceased by the end of August. The timing of the cessation of CCP was more variable among trees and among years than its onset. The amount of precipitation positively influenced the duration of CCP and the average rate of cell production positively correlated to the minimum temperature in January-April, as well as the maximum temperature during the growing period. Our results show that the timing and the rate of CCP of xylem cells are influenced by temperature and precipitation. However, weather-xylem growth relations of spruce from temperate forests under climatic conditions are complex, since trees are known to respond less strongly to climatic average variation than influences of extreme conditions.
Introduction
Norway spruce (Picea abies [L.] Karst.) is one of the most widespread coniferous species in Europe (Skrøppa 2003) and has a considerable commercial importance. Changing environmental conditions might lead to a potential decrease in growth and yield of this species (Bošela et al. 2014) . Over the last years, several studies have been conducted on the xylogenesis of Norway spruce with the aim of investigating the plasticity of the species in terms of cell production (Desplanque et al. 1998 , Mäki-nen et al. 2003 , Battipaglia et al. 2009 , Schuster & Oberhuber 2013 , Boden et al. 2014 , mostly in relation with the extreme environmental conditions predicted by future climate change scenarios (IPCC 2013) .
Previous studies on Norway spruce have demonstrated that the annual wood formation period lasts from three to seven months, varying from April until October depending on site conditions , Cuny et al. 2012 . It has been reported that the temperature is a crucial factor for cambial activity and cell development at the beginning of the growing season, while other factors prevail later (Gričar et al. 2007 ). Gričar et al. (2014) specified that mean temperature in April was strongly correlated with the onset of Cambial Cell Production (CCP). Similarly, Körner (2003) pointed out that temperature primarily triggers phenological phases in this species. Furthermore, according to many studies, both daily tree growth and the duration of CCP in conifers are influenced by the minimum temperature, rather than the maximum (Richardson & Dinwoodie 1960 , Deslauriers & Morin 2005 , Li et al. 2012 . As regards with high elevation sites, Norway spruce responds positively to the mean temperature in summer months, while the response is negative at lower elevations (Levanič et al. 2009 ). Nevertheless, an increase in mean summer temperature is usually associated with a decrease in precipitation, which is considered to be quite a limiting factor in case of lower altitudes (Bošela et al. 2014 ). In addition to temperature, water availability was also found to affect the seasonal dynamics of wood formation and radial cell dimensions of tracheids in Norway spruce (Horáček et al. 1999 , Jyske et al. 2010 . Gričar et al. (2014) reported that the phenology of CCP is highly variable and plastic among years, since Norway spruce has the ability to adjust CCP in order to function optimally in local environmental conditions. However, weather-xylem growth relations of Norway spruce growing under average climatic conditions in temperate forests are not easily detected, since trees respond less strongly to climatic variation than to extreme conditions (Mäkinen et al. 2003) .
In the Czech Republic, Norway spruce covers approximately 45% of the land (Ministry Report 2014) and is the most important commercial softwood timber. In this study, 9-year observations of the seasonal dynamics of CCP in Norway spruce growing in the Czech Republic in the 1980s (from 1981 to 1989), provides a long-term dataset of its radial growth patterns thirty years ago. Datasets of long-term monitoring of xylogenesis in trees from locations at different altitudes and latitudes are of great importance as they represent valuable information on the weather-growth relationships required to verify the existence of common climatic factors for xylogenesis (Rossi et al. 2013) .
Considering the limitations of this study (i.e., tree selection, sampling method) but also the uniqueness of tracking the timing of the phenological events as they occurred 30 years ago, we defined the aim of this study as: (1) to examine year-to-year variation in the seasonal dynamics of CCP in Norway spruce; and (2) to investigate the relationship between the timing of CCP (onset, duration and end) and local weather conditions during that period.
Materials and methods

Study site
The research was conducted in a study site managed by the Institute of Forest Ecology of the Mendel University in Brno (Czech Republic). The plot was located in the monoculture forest area Drahanska vrchovina, 30 km north of Brno (49° 29′ 31″ N; 16° 43′ 30″ E, 600-660 m a.s.l.). The soil type was modal oligotrophic Cambisol, while the bedrock consisted of intrusive rock acid granodiorite of the Brno Massive (Hruška 1980) . It is considered to be a moderate climatic region (Quitt 1971) , with average annual air temperature 7.6 °C and average annual precipitation of 717 mm (Hadaš 2002) .
According to weather data obtained from the Protivanov weather station (Czech Hydrometeorological Institute), which was located approximately 10 km away from the research site, the coldest temperature in the examined years (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) was usually reached in the period December-February, with a minimum temperature of -8.6 to -22.7 °C (Fig. 1) . The warmest period was June-August, with a maximum temperature of 21.9 to 25.6°C. Annual precipitation ranged from 486 to 793 mm, whereby the wettest months were recorded during the growing season (Tab. 1). In 1983 and 1989 the highest annual mean temperature (7.1 and 7.2 °C, respectively) coincided with the lowest annual precipitation amount (486.4 and 499.4 mm, respectively).
Drought indices enable monitoring drought severity, duration and frequency by simplifying complex environmental interactions and quantifying weather extreme values (Tsakiris et al. 2007 ). The Standardized Precipitation Index (SPI) developed by McKee et al. (1993) was chosen as a well-tested and widely-accepted index of drought severity (Stagge et al. 2015) . The SPI is based on the fact that every factor involved in the water resources system (soil moisture content, groundwater, snowpack, river discharges and reservoir storages) eventually depends mostly on the deficit of the precipitation rate over different time scales (McKee et al. 1993 , Vicente-Serrano et al. 2010 Gurrapu et al. 2014 , Naumann et al. 2014 . Vicente-Serrano et al. (2010) reports that the inclusion of PET to calculate the SPEI affects the index only when PET differs from average conditions, for example, under global warming scenarios.
The SPI is based on the long-term precipitation record (for an examined period for any location), which is fitted to a probability distribution transformed into a normal distribution such that the mean SPI for the location and the desired period is zero (McKee et al. 1993 , Michaelides & Pashiardis 2008 . The SPI detects drought on multiple time-scales, usually computed over five running time intervals, i.e., 1, 3, 6, 9, and 12 months, but the index is also adjusted to the specific period chosen. Hence, the SPI is particularly suited to compare drought conditions between time periods and regional climatic conditions using only precipitation data. SPI was calculated using the free software package DrinC (Drought Indices Calculator -Tsakiris & Vangelis 2004). The SPIannual was produced based on water years (WY), starting from the previous October up to the current September (each 376 iForest 9: 375-382 
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Cambial seasonality and cell production in Norway spruce WY included one growth period). Additionally, both SPIJan-Apr and SPIMay-Aug were also calculated and adjusted for two 4-month time intervals before and during the growth period (Fig. 2 ).
The potential relationship between weather conditions and the occurrence of phenological phases was investigated by calculating the Growing Degree Days (GDD), a measure of heat accumulation (McMaster & Wilhelm 1997) . GDD provided an estimation of the cumulative temperature (°D) connected with the early phenological phases. Daily GDD was calculated for every tree and year in the examined period (1981-1989 - Fig. 3 ) as follows (eqn. 1, eqn. 2):
where Tmax and Tmin are the maximum and minimum daily air temperatures, respectively, and Tbase is the base temperature above which CCP takes place after a certain amount of temperature has been accumulated. A threshold of 5 °C was chosen for Tbase (Schmitt et al. 2004 , Gruber et al. 2009 . Negative values of GDDdaily were set to zero. GDDdaily values were then summed starting from the 1 st day of the year (DOY 1, t = 1) each year until the onset DOY of CCP (t = n) as follows (eqn. 2):
Differences in GDD values among the years were tested using one-way repeatedmeasures ANOVA.
Sample collection and preparation
Tree selection, sample collection and slide preparation for microscope analysis were performed in 1981. From 1981 to 1989, six dominant and co-dominant Norway spruce trees were selected each year (54 trees in total). Microscopic observations of the intra-annual wood formation were carried out in 2014 on 49 trees (5 trees were excluded due to spoiled slides).
All trees were approximately 75 years old, with diameter at the breast height of about 21 cm and an average height of 23 m.
Sampling was performed at 14-days intervals using a modified hammer-driven cylindrical punch (Doležal's hammer punch -10 mm in diameter) around the circumference of the stem, approximately 1.3 m above the ground. In order to avoid wound effects, sampling points on the stem were separated by at least 10 cm. Microcores of 1 cm in length were obtained, including the inner phloem, the cambium and at least two most recently formed xylem growth rings. Microcores were immediately immersed in formaldehyde-acetic acid-ethanol solution (FAA) for 24 hours (Wodzicki & Zajaczkowski 1970) , and then rinsed with distilled water, dehydrated in a graded series of ethanol, and finally sectioned using a Jung K ® rotary microtome (Leica, Wetzlar, Germany). Sections 20-40 μm in thickness were stained in safranine and light green yellowish SF (triarylmethane dye) and mounted on permanent slides using Canadian Balsam (Horáček et al. 1999) . The permanent slides of cross sections of the sampled tissues were prepared at the end of each growing period and stored.
Observations of cross-sections and histometric analyses were performed in 2014 by a Leica DMLS ® microscope (Leica Microsystems, Wetzlar, Germany) connected to a Leica DFC 280 ® digital camera (Leica Microsystems, Wetzlar, Germany). Image processing was carried out using the public-domain software package ImageJ (Abramoff et al. 2004 ).
Measurements and data processing
Cambial cells and currently formed xylem cells were counted along three radial files on transverse sections, and then averaged . For each tree, the following phenological phases of CCP were assessed and the relative DOY computed: (1) the onset of CCP was identified as an increased number of thin-walled cambial derivatives (Rossi et al. 2006b ); (2) the cessation of CCP was identified as the time at which no new thin-walled cambial derivaiForest 9: 375-382 377 tives were observed adjacent to the cambium and the number of cambial cells was comparable to the number before its reactivation in spring; (3) the duration of the period of CCP was calculated in number of days; (4) the final tree-ring width was expressed as number of cells; (5) the average rate (final number of cell/duration of CCP) of xylem cells produced per day (Gričar et al. 2014 ); and (6) maximum rate of xylem cells produced per day, which was calculated using a Gompertz function that indicated the maximum growth rate at the inflection point of the curve (Rossi et al. 2003) .
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The number of xylem cells was fitted per tree and year (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) to the Gompertz function (Rossi et al. 2003 , Lupi et al. 2010 3):
where y is the weekly cumulative cells, t is the day of year, A is the upper asymptote, representing the maximum number of cells, B is the place on the x-axis, estimating the beginning of cambial activity, and k is the inflection point on the curve. The first derivatives of each Gompertz function were calculated to emphasize differences in the rate of production of xylem cells along the growing seasons.
Pearson's correlation coefficients were calculated to measure the strength of association between xylem and tree-ring width, the length of growth season, as well as the rate of cell division. Differences among years in cambial phenology and xylem increments (expressed in number of cells) were tested by individual one-way repeated measures ANOVA.
To analyze the weather-growth relationships, Pearson's correlation coefficients between weather data (precipitation and temperature) and phenological data were calculated. One-way ANOVA was used for analysing cambium phenology and GDD values in comparison with dry/normal/wet conditions. Statistical analysis was carried out using Microsoft Excel ® spreadsheets and the IBM SPSS Statistics ® software package.
Results
Weather conditions
Weather conditions during the growing seasons differed among the nine study years. In general, annual mean temperature was inversely proportional to the annual amount of precipitation, and it was lower in the case of higher rainfall. In addition, the wettest months occurred during the growing season. SPIannual values were negative in 1983 and 1989, indicating dry periods, whereas 1985 was the wettest year. The 4-month interval SPIJan-Apr revealed dry conditions prevailing before the onset of CCP in 1983 and 1989 (WY 1982 -1983 and 1988 -1989 , respectively) which turned into normal during summer (SPIMayAug). The SPIMay-Aug depicted the summer drought occurred in 1984. Other study years were considered as normal with regard to water availability.
Comparison of the growing degree days (GDD) showed various amounts of accumulated heat units (°D) at the onset of CCP in the nine years (F = 2.66, p < 0.0076). The highest GDD value was recorded in 1989 (195.10 ± 80.10 °D) and the lowest in 1985 (100.55 ± 26.40 °D). The highest variation in GDD among the sampled trees was recorded in 1984 (coefficient of variation: 0.48) and the lowest in 1987 (coefficient of variation: 0.21).
Cambium phenology
The onset of CCP occurred in early May for most of the studied years and ceased by the end of August. CCP lasted longer in 1985 and was shortest in 1989. In the latter year, a delay of almost two weeks was observed compared with the other examined years. The onset, ending and duration of CCP significantly differed among the examined years (onset: F = 2.91, p = 0.0012; ending: F = 2.80, p = 0.0015; duration: F = 2.26, p = 0.04 - Fig. 4A ). Although the widths of annual xylem increments did not differ in the study years (F = 0.841, p = 378 iForest 9: 375-382 
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Cambial seasonality and cell production in Norway spruce 0.57), the average annual increments were widest in 1989 (51.56 ± 15.94 cells) and narrowest in 1981 (24.22 ± 7.81 cells - Fig. 4B) .
Similarly, the average rate of cell production also varied between 0.25 and 0.43 among the studied years. The maximum rate of cell production (inflection point of the curve) was reached in the period from 8 June to 6 July and was highest in 1983 and 1989, with 1.02 and 1.4 cells day -1 , respectively (Fig. 5) . However, the peak period of cell production differed, being in 1989 almost three weeks later than in 1983. In other examined years, the maximum production rate ranged from 0.24 (in 1982) to 0.60 cells day -1 (in 1988) . Despite the summer drought in 1984 (SPIMay-Aug = -2.59), the maximum rate of cell production was 0.47 cells day -1 .
Weather-growth relationship
A vast number of possible weathergrowth relationships were examined (Pearsons' correlations) between phenological and weather data (temperature and precipitation of various timings). The strongest weather-growth correlations are reported in the Tab. 2. The onset of CCP strongly correlated with mean temperature in April. The average temperature of the CCP period strongly affected the duration and cessation of CCP. Additionally, the duration of CCP was highly controlled by precipitation during this period. The final number of xylem cells was negatively correlated with mean monthly maximum temperature of June. The maximum rate of produced cells positively correlated with the January-April minimum temperature, as well as with the maximum temperature during CCP. Finally, GDD strongly correlated with the onset and cessation of CCP, the number and the maximum rate of produced cells.
Discussion
Impact of temperature on CCP onset
The quantity and quality of the produced wood, as well as the environmental adaptivity of trees are largely determined by the timing of cambial reactivation (Begum et al. 2013) . Temperature has been identified as the dominant environmental signal that triggers tree phenology (Körner 2003) . Rossi et al. (2008) demonstrated that a threshold temperature plays a decisive role for xylogenesis in conifers growing under cold conditions. A major impact of temperature on the onset of CCP was also clearly demonstrated in experiments of local heating and cooling of spruce stems, causing earlier initiation and higher rates of CCP in the case of heating and a delay in cambial reactivation and lower rates of cell production in the case of cooling (Gričar et al. 2007) . In this study, we found that the timing of CCP greatly varied among the studied years. The onset of CCP occurred at the beginning of May and strongly correlated with the mean temperature of April. This is in line with the findings of Gričar et al. (2014) in Norway spruce. In this study, the annual mean temperature was in general inversely proportional to the annual rainfall; consequently GDD values were highest in 1989 and 1983 (195.10 and 172.6 °D, respectively) . However, we observed a fairly large variation in the GDD values required for the onset of CCP among the years, indicating that the temperature is not regularly limiting for the growth of spruce at this temperate forest site.
The observation that high winter or early spring temperatures generally promote growth is consistent with the fact that cambial reactivation of evergreen conifers is strictly triggered by a rise of temperature (Gričar et al. 2007 , Begum et al. 2013 . Since photosynthesis in conifers is possible in winter (Guehl 1985) , high temperatures during the winter period could play a positive role in improving carbohydrate storage and growth in the following year. Additionally, warmer winters might decrease embolism (Cochard 1992) and accelerate snowmelt, favoring soil warming and promoting mycorrhizal root growth. Such conditions promote bud formation as well as needle and shoot maturation, thus increasing the growing season of the following year. Finally, these factors, in combination with a suitable water supply, promote early wood formation during spring (Lebourgeois et al. 2010) .
Impact of climatic conditions on duration and rate of CCP
CCP in the Norway spruce ceased by the end of August, which is in accordance with observations by other studies on this species (Horáček et al. 1999 , Gričar et al. 2014 . The amount of precipitation proved to be the main factor that positively influenced the duration of CCP, whereas the average rate of cell production positively correlated with the monthly minimum temperature in January-April, as well as with the monthly maximum temperature during the growing period. The timing of the cessation of CCP was more variable among trees and years as compared with its onset. The temperature at the end of cell production was still high and favorable for radial growth. In previous studies, this has been explained by the need to ensure enough time for the development of the latest formed tracheids before winter, which in wide xylem rings can last up to two months after the cessation of cell production (Gričar et al. 2005 .
The minimum temperature during WY strongly correlated with the production of cells and daily tree growth. The years 1983 and 1989 were found to be dry according to the SPIannual. This is in line with SPEI results from a recent study conducted in the Czech Republic (Potop et al. 2014) . Although the years 1983 and 1989 were identified as dry years according to the SPIannual, they were characterized by the fastest production of cells. However, it has to be stressed again that drought occurred before the growing season (SPIJan-Apr), while conditions changed to normal during the growing season (SPIMay-Aug). In the case of 1983, CCP started earlier, reaching the maximum rate of cell production (1.02 cells day -1 ) also earlier. In 1989, an even higher maximum rate of cell production (1.4 cells day -1 ) was reached in a short period of almost 20 days. Recent study on spruce growing in temperate forests resulted in 0.44 ± 0.03 cells day -1 (Cuny et al. 2012) . The maximum rate of cell produced during the summer drought in 1984 was in line with Cuny et al. (2012) , presumably due to moderately wet conditions prevailing before the growing season. Nevertheless, we did not find any strong correlation between the duration of cell production and the timing of maximum cell production or the rate of cell production.
Impact of temperature and precipitation on xylem increments
In numerous studies on radial growth of tree-rings conducted in central and northern Europe, temperature was identified as the primary growth factor at higher altitudes (Waldner & Schweingruber 1996 , Mäki-nen et al. 2000 , Miina 2000 K et al. -iForest 9: 375-382 2008) , though precipitation also controls radial growth especially at low altitudes (Lebourgeois et al. 2010 , Bošela et al. 2014 . We found a positive relationship between the final width of the annual xylem increments and GDD values, but negative with maximum temperature in June. In northern Europe, June temperature is usually the most important factor (Mäkinen et al. 2003 , Andreassen et al. 2006 . At high elevation sites, the response of Norway spruce to the mean temperature in summer months is positive, while it is negative at lower elevation sites (Levanič et al. 2009 ). An increase in mean summer temperature is usually associated with a decrease in precipitation and represents the limiting factor for spruce at lower altitudes (Bošela et al. 2014 ). In our case, precipitation did not appear to play an important role on ring width, as had been found for temperature. In general, ring widths depend on the duration and rate of CCP (Skene 1972) . In this study, xylem widths were predominantly related to the rate of cell production. The maximum rate of cell production was reached in the period from 8 June until 6 July, which is in line with the observation of Rossi et al. (2006a) . These authors reported that maximum daily growth rates in conifers at colder sites in the northern hemisphere occur approximately at the summer solstice. This photoperiodic growth constraint is thus an adaptation of trees to native climatic conditions, allowing them to complete differentiation of terminal latewood cells before winter (Rossi et al. 2006a) . Unlike temperature, the photoperiod is the same at a given date and locality each year. The cessation of growth in response to declining photoperiods is thus an indirect adaptation to the temperature regime (Ekberg et al. 1979) .
Conclusions
Xylem formation studies are usually conducted on trees growing near either timberline or xeric habitats, where primarily temperature or water availability are expected to play a key role on growth (Eilmann et al. 2011 , Oberhuber et al. 2014 , Treml et al. 2015 . Similar studies in temperate regions are more complicated, since the growth may be also driven by many biotic and abiotic factors (Carrer et al. 2012 , Fisher & Neuwirth 2013 . Local site conditions, tree age, tree competition, tree vitality, as well as different forest management practices, can be more important drivers of local-scale growth trends than the regional climate signal (Levanič et al. 2009 , Mamet & Kershaw 2013 . Our results showed that the timing of CCP and the widths of xylem cells were influenced by temperature and precipitation. However, the weather-xylem growth relations of Norway spruce growing under average climatic conditions in temperate forests are not explicit. Since trees respond less drastically to normal conditions (Mäkinen et al. 2003) , further investigations are needed to elucidate the relationship between weather conditions and tree growth.
